In recent years, geogrid encasement has been used to extend the utilization of stone columns to improve soft soil's properties. This paper investigates the influence of geogrid encasement on the performance of stone columns in soft clay deposits. Experimental and numerical studies were conducted to figure out behavior of stone columns with and without geogrid reinforcement. The small scale laboratory tests were carried out. In addition, PLAXIS which is a finite element package intended for the two dimensional analysis of deformation and stability in geotechnical engineering was used to numerical studies. Before conducting the numerical studies, the validation between results of the experimental studies and numerical analysis was performed. After validation, the numerical studies were performed with different parameters such as the rigidity effect of geogrid, depth of geogrid reinforcement and lateral bulging of the stone columns. In addition, group of stone column was investigated. As a result of this studies, load carrying capacity and bulging behavior of the geogrid encased stone column was significantly influenced from the depth and the stiffness of the geogrid.
INTRODUCTION
Every geotechnical engineer know that engineering properties of weak soil should be improved. Therefore, a lot of soil improvement method has been developed. Stone column method is one of the considerable method of soil improvement and it has been used widely over the last 30 years in many countries around the world as a ground improvement method (Black et al. 2007) . A stone column is theoretically an upright cylinder that contains compacted granular material such as crushed stone. Soil stabilization by the stone column method overcomes the settlement problem and low stability. Another advantage of stone column method is the simplicity of its construction (Isaac and Girish 2009) . The undrained shear strength of the surrounding soil of stone column is generally important factor for the strength of stone columns. The range of 5-15 kPa shear strength for the surrounding soil of stone column is suggested as a minimum value (Wehr 2006) . Below this range of shear strength, the lateral confinement provided by surrounding natural soil may not be sufficient to prevent column failure. For this reason, some methods have been developed to reinforcement stone column. Encasement of the stone column with geosynthetics is one of the stone column reinforcement method and has been successfully used to extend the use of stone columns to extremely soft soils. Geosynthetic encased stone columns is stiffer, stronger and more resistant to dispersion than ordinary stone column. There are different studies to understand stone column behavior in the literature. These are field, laboratory, numerical and theoretical studies. Watts et al. (2000) and Engelhardt and Golding (1975) conducted full scale field tests. Priebe (1995) suggested to estimate settlement based on unit cell concept for stone columns. Unit cell concept is also used by Barksdale and Bachus (1983) . In this concept, the area of the stone column pattern represented by a single column, depending on column spacing and this area is considered for the analysis. In addition it is supposed that lateral deformation in soil at the boundary of unit cell is zero. This concept has been useful to researchers because experimental studies have been quicker and becomes meaningful. Ambily and Gandhi (2007) conducted an experimental study on single column and group columns. Katti et al. (1993) suggested a method for geosynthetic encased stone column. Ayadat and Hanna (2005) worked on encased the stone column. Bauer and Al-Joulani (1996) conducted some tests to found out effect of encasement. Balaam et al. (1978) suggested a finite-element approach. Malarvizhi and Ilamparuthi (2008) conducted triaxial testing on encased stone columns and analyses numerically. Andreou et al. (2008) carried out a series of laboratory tests. Keykhosropur et al. (2012) conducted to understand performance of geosynthetic-encased columns using ABAQUS software. Kempfert (2003) was used a injecting a binder into the column for reinforcement. It is clear from the literature that stone column method is improves the soil condition but it is limited to surrounding natural soil. Therefore, nowadays, researchers mainly focused on the behavior of the reinforced stone column.
In this study, the influence of geogrid encasement on the performance of stone columns in soft clay deposits was evaluated. Firstly, experimental studies and then numerical analyses were conducted. Numerical analyses were carried out using two-dimensional Plaxis software. Before conducting the numerical analysis, the validity of the numerical model was checked using laboratory model tests. After the good agreement between numerical and experimental studies, the numerical analyses were carried out with different parameters such as the effect of geogrid stiffness, depth of geogrid encasement and lateral bulging of the stone columns. In addition, group of stone column was studied.
MATERIAL and METHODS

Experimental Work
In this paper, the behavior of circular footing rested on natural clay deposits stabilized with stone columns with and without geogrid reinforcement was investigated using small scale laboratory tests. Finite-element (FE) analyses have also been performed using with the commercially available software package PLAXIS. Before conducting the analysis, the validity of the constitutive model was proved using laboratory tests.
Materials Used
Clay, crushed stone, and geogrid were used for current experimental study. Clay was taken in the field and then dried. The initial water content of clay was 6%. Dry clay was powdered to passing through 2 mm sieve for easy processing and uniform water content. Afterwards, clay was mixed with required water content. A series of unconfined compressive strength (UCS) tests were carried out on cylindrical specimen with 38 mm diameter and 76 mm height to determine the moisture content corresponding to 15 kPa undrained shear strength of the clay. UCS tests were conducted on clay samples at different water content. UCS values (undrained shear strength, cu) of the clay with water content is shown in the Figure 1 . (Sarıcı et al. 2013) All the laboratory experiments were performed with stone columns surrounded by clay. Based on the Figure 1 ., water content of the clay was 35% and this amount was kept as the same in all tests. A series of laboratory tests were conducted for determine properties of clay. The properties of clay is shown in the Table 1 . The stone columns were formed from crushed stones, which was classified GP. Crushed stones (aggregates) of sizes between 10 and 2 mm were used to form stone column. The particle size distribution for stone column and clay materials are indicated in Figure 2 . The maximum dry unit weight (kmax) and minimum dry unit weight (kmin) of the aggregate are 16.9 and 15.2 kN/m 3 , respectively. Other properties of the aggregate for the stone column are given in Table 2 . Geogrid was used for encasement of the stone column. Stone column was restrained by the geogrid encasement. In such situation, geogrid encasement provided additional confinement for improved stone column performance. Geogrid used in the experimental study, is commercially available from GEOPLAS Company. The properties of geogrid taken from GEOPLAS Company are shown in the Table 3 . 
Tests Procedure
All tests have been carried out in a clay bed prepared at water content of %35. The clay was mixed with additional required water. All clay samples were kept in waterproof bag during about a week for uniform water content. To prepare the clay bed, a circular tank of 60 cm diameter and 60 cm high was used in all the tests. Before filling the tank with clay, inner surface of tank wall was greased to prevent friction between clay and tank wall. Clay was filled in the tank in layers with measured quantity by weight and was filled at equal layers of 50 mm thickness. Each layers was compacted with steel hammer. In all the tests, all clay bed height was taken as 25 cm and same procedure was performed to prepare the clay bed. A steel pipe with 5 cm diameter was used for preparing the stone column. The stone column was built from beginning to end of the clay bed surface. Pipe was located at the center of the tank. Crushed stone was filled into the pipe with total weight of crushed stone was divided into equal batches Soft Clay Stone Column to fill up the hole. The crushed stones were compacted to a density of 16.30 kN/m3 to construct stone column Outer surface of pipe wall was greased to prevent friction between clay and pipe wall. For geogrid encasement, geogrid was formed a cylindrical shape which is the same dimensions as the stone column. Steel circular plate of 5cm diameter and 25 mm thickness was used as a foundation to apply the load. Two LVDTs were attached for measuring the settlement of the footing during the application of load. The sketch of test setup is shown in the Figure 3 . In experimental study, the behavior of circular footing rested on unreinforced clay deposits, clay deposits stabilized with stone columns and clay deposits stabilized with geogrid encasement stone columns was investigated using small scale laboratory tests. Summary of experimental study is shown in the Table 4 . 
Numerical Analyses
The finite element method is used widely in many civil engineering problems. Capabilities of finite element method make it possible to simulating the construction method and to investigate the behavior of shallow footings and surrounding soil throughout the construction process, not just at the limit equilibrium conditions. (Laman and Yıldız 2009) . Numerical analyses were carried out by using the Plaxis 2D software. It works based on a finite element method and specially developed for the analysis of geotechnical engineering problems (Brinkgreve 2004 ). Finite element model was simulated using 15-node triangular elements. Because of the symmetry of the test tank used in experimental study, axisymmetric modelling is considered in the numerical analyses. Finite element model in Plaxis is shown in Figure 4 . An elastic-plastic Mohr Coulomb (MC) model was chosen to simulate clay soil and stone column behavior. Table 5 shows a clay soil and crushed stone parameters used in numerical analyses. Several limitations that should be mentioned. The models created in this research were based on data obtained from present tests. The further testing and verification is recommended for the use of these models in other soils or with significantly larger plate diameters. (Demir and Ok, 2015) 
RESULTS and DISCUSSION
Verification of Numerical Analyses by Experimental Results
Test Series I: Unreinforced Clay Bed
In test Series I, laboratory test and numerical analyses were conducted using circular foundation rested on an unreinforced clay bed. Load-settlement curves of both of laboratory test and numerical analyses are presented in Figure 5 . The horizontal and vertical axes show the settlement ratios and the 
Test Series II: Stone Column Reinforced Soft Clay Bed
In test Series II, laboratory test and numerical analyses were conducted using circular foundation rested on a stone column reinforced clay bed. Figure 6 shows the relation of bearing capacity to settlement ratio obtained from the numerical analyses and experimental studies of Series II. As seen from the figure, the results obtained by the numerical analysis are in good agreement with the experimental results. It is observed that the load-settlement curve is rounded and becomes steeper and takes on an almost a linear shape. A peak load is never observed and no definite failure point can be established. The mode of failure can be described as a local shear failure. 
Comparison of Test Series
The results derived from the numerical analyses for Test Series I, Test Series II and Test Series III are shown together in Figure 8 . As seen from the figure that stone column increases the bearing capacity of unreinforced clay bed and geogrid encasement improves the performance of stone column. At the constant values of s/D (%), the improvement in bearing capacity is about %256 between test series I and II for stone column reinforcement. On the other hand the improvement is approximately %72 between test series II and III for geogrid encasement. 
The Effect of Geogrid Stiffness
After achieving well agreement between the numerical analyses and experimental studies, the numerical analyses were continued. Geogrid stiffness was examined by changing the geogrid stiffness values. As shown in the Figure 9 , while geogrid stiffness increases, bearing capacity of the stone column increases. 
The Effect of Geogrid Encasement Depth
Geogrid encasement depth was also investigated in this study. There are three different L/H ratio was selected for study. L is the geogrid encasement depth from the top portion of stone column. H is the stone column depth which is 25 cm in all numerical analyses. Geogrid stiffness kept constant which is the 10 kN/m while L/H ratio is variable. As seen from the Figure 10 that load carrying capacity decreases by the decrease of the geogrid encasement depth.
Figure 10. Effect of geogrid encasement depth
Lateral Bulging
The lateral bulging was measured along the depth of the stone column when footing had a 25 mm settlement. The lateral bulging observed along the depth of the only stone column and stone column encased with geogrid of different stiffness values is shown in Figure 11 . It is clear that geogrid encasement reduces maximum lateral bulging and maximum lateral bulging decreases with the increases in stiffness of geogrid. The lateral bulging observed along the height of the only stone column and stone column encased with geogrid of different L/H ratio is shown in Figure 12 and Figure 13 . It is clear that maximum lateral bulging is not much related with L/H ratio. However, lateral bulging shape affected by L /H ratio. For different encased length, bulging occurred roughly below the encasement. 
Numerical Analysis for a Group of Columns
Numerical analysis for a group of seven columns was also conducted. Arrangement of seven and columns in a group is presented in Figure 14 . It was modelled using an axisymmetric model with surrounding six columns replaced by a ring having equivalent thickness and properties of that material (Isaac and Girish, 2009 ).
Finite element model in Plaxis for group column is shown in Figure 15 . In group column numerical analysis; tank diameter, column length, columns diameter, spacing between columns and footing diameter was selected 60 cm, 25 cm, 5 cm, 15 cm and 38 cm, respectively. All soil parameter was selected from previously validated parameters for single column. Load-settlement behavior of unreinforced clay (Test series I), group of seven stone column reinforced clay (Test series II) and geogrid encased group of seven stone column reinforced clay (Test series III) was investigated. This analysis are presented in Figure 16 . As in the result of single column analysis, group of stone column increases the bearing capacity of unreinforced clay bed and geogrid encasement improves the performance of stone column. 
CONCLUSIONS
In this paper, the behavior of the unreinforced clay bed and the stone-column with and without geogrid encasement were investigated experimentally and numerically. The numerical results were compared with the experimental data and matched well. Then, the FEM analyses were conducted to understand geogrid stiffness effect for encasement stone column and lateral bulging of stone column. In addition, group of stone column was studied.
Both singular and group of stone column improve the bearing capacity of unreinforced clay bed and geogrid encasement improves the performance of stone column. It is understand from the observation of Behavior of geogrid encasement stone column is mainly influenced by geogrid stiffness. The bearing capacity and stiffness of the stone column can be increased and lateral bulging decreased with encasement with higher stiffness of geogrid.
Geogrid encasement stone column is also affected by encasement length. Load carrying capacity decreases by the decrease of the geogrid encasement. In addition, lateral bulging shape affected by L /H ratio. Maximum lateral bulging is not much related with L/H ratio.
It is observed that the lateral bulging is higher at the near the top of the unreinforced and fully encased stone column. However, for different encased length, bulging occurred roughly below the encasement.
Numerical analyses, using a simple constitutive model (Mohr Coulomb model) gave results that closely match those from physical model tests for short term stability.
A significant improvement in the bearing capacity of a footing can be obtained by installing stone column in soft clay bed. The bearing capacity of the footing can be further increased by placing geogrid encasement. It is found that the improvement is about %256 between test Series I and II for stone column reinforcement at the constant values of s/D (%). On the other hand it is approximately %72 between test Series II and III for geogrid encasement at the constant values of s/D (%).
